A combined
performed to investigate the detailed distribution of convective heat transfer coefficients on the first stage blade tip surface for a geometry typical of large power generation turbines (>100MW). This paper is concerned with the design and execution of the experimental portion of the study, which represents the first reported investigation to obtain nearly full surface information on heat transfer coefficients within an environment which develops an appropriate pressure distribution about an airtbil blade tip and shroud model. 
INTRODUCTION
The design of high efficiency, highly cooled gas turbines is achieved through the orchestrated combination of aerodynamics, heat transfer, mechanical strength and durability, and material capabilities into a balanced operating unit. While decades of research have been dedicated to the study and development of efficient aerodynamics and cooling techniques for turbine airfoils, there remain regions which retain a somewhat more uncertain design aspect requiring more frequent inspection and repair. One such region particular to highpressure turbines is the blade tip area. Blade tips are comprised of extended surfaces at the furthest radial position of the blade, which are exposed to hot gases on all sides, typically difficult to cool. and subjected to the potential for wear or even hard rubs against the shroud.
It has long been recognized that the effectiveness of the blade tip design and subsequent tip leakage flows is a major contributor to the aerodynamic efficiency of turbines, or the lack thereof. Ameri and Steinthorsson (1995, 1996) and Ameri et al. (1997 Ameri et al. ( , 1998 turbulence generating gridis placed at thisjuncture, whichis composed of 6.35-mm widesquare barswith 12.7-mm openings between bars. Hotfilmanemometry measurements using aTSIIFA-100 unitshow thatthefreestream turbulence intensity level atthe cascade blade leading edge plane is 5%forthemainstream flow' direction: the turbulence length scale was not measured. After flowing through the cascade, airexits intoanexhaust duct oflarger area and then toanexterior building vent. The cascade proper isconstructed ofaluminum walls and airfoils, withtheexception oftheshroud cover plate which is 5.08-cm thick acrylic. The flowchannel ahead oftheblades contains asplitter plate which extends fromtheturbulence gridtowithin12.7mmof the leading edge ofthecenter airfoil, adistance ofabout 35.5 cm.The splitter plate divides thechannel intoequal halves forthepurpose of guaranteeing equal flowtoeach blade cascade passage. Without this device, a substantially greater percentage of thetotal flowwould proceed through theshorter flowpassage due toless resistance inthat overall path.Pressure traverses made ineach of thetwochannels ahead ofthe blades verified the50/50 flowsplit.These measurements alsoshowed that typical turbulent flow profilesare present downstream ofthe turbulence grid. The splitter plate is9.53 mm wide andextends over theentire span. Theupstream endoftheplate is rounded tominimize flowdisturbance, andthedownstream endis tapered toathickness of3.18 mm and rounded. It isrealized that this splitter plate willpresent some disturbance tothe flowfieldatthevery leading edge oftheblade, aswell astheleading edge oftheblade tip gap. The CFD analyses ofPart 2 ofthisstudy areused toshow the effect of thissplitter plate ontip flowandheat transfer, thereby providing the necessary aidtointerpretation ofthepresent data. Also placed upstream of theblades areoptional turbulence barsforuse when ahigher turbulence intensity isdesired. When inuse there are four1.27-cm diameter round bars placed spanwise ineach channel ata distance of 10.2 cmahead oftheblade leading edge plane. Inthis configuration, hotfilmmeasurements show aturbulence intensity of 9%atthe blade leading edge plane.
Cascade instrumentation which iscommon toallofthepresent tests includes aninletairthermocouple placed midway between the inletflange andblades, a total pressure wedge probe attheblade leading edge plane midway between twoblades, and blade inletand exitendwall static pressure taps along each passage centerline inthe wall opposite theshroud. Thetotal flowforthecascade is measured byanASME-standard orifice station placed intheairsupply pipe lines ahead of thetest rig. Thenominal operating conditions for this cascade are aninlet total pressure of160 kPa, anexit static pressure of 110.3 kPa. giving anoverall blade pressure ratio of t.45when notip gap ispresent (C=0).While theinlet flowand total pressure toeach ofthetwocascade passages isequal, theexit conditions are notquite periodic. This isdue tothediffering exitlengths and theinteractions withboundaries. When C = 0. the upper passage (concave side of the center airfoil) has a pressure ratio of 1.47. while the lower passage is 1.43, based upon exit static pressures measured in the endwall at the blade root.
For root. Twosuch tipmodels were made forthisstudy, one withsharp tipedges (shown infigure), and theother withrounded edges of2.54 mm radius. The extent ofthetipcapisthesame foreach ofthese models.
Thetopsurface of theG7is covered byanetched thin-foil heater encased in Kapton, which wascustom manufactured in the shape oftheblade cross section. The heater isthen covered bya0.05 mm thick layer ofcopper toassist inspreading theheat source from theetched foilcircuit toformauniform heat fluxcondition. The copper layer iscovered withasheet ofliquidcrystals. Theliquid crystals used inthis study are wide band 40to45Ccrystals made by Hallcrest (R40C5W). The liquid crystals arelocated beneath a0.127 mm thick Mylar encapsulation layer. This Mylar layer isconstant in thickness, withathermal conductivity of0.145 W/m/K. groups of measurement locations. On this shroud surface, one set of pressure holes was located around the airlbil tip perimeter and 2.54 mm outside the tip edge, while a second set of holes was located 2.54 mm inside the tip edge. Other pressure holes were placed over the interior region above the tip. Figure 5 shows the shroud pressure distribution, in the lbrm of pressure ratios for consistency, over the sharp-edge blade tip model with a clearance of 2.03 mm. The inset figure shows the locations of the pressure holes relative to the tip.
TIP AND SHROUD PRESSURE MEASUREMENTS
The "'outer" pressure side {P/S) and suction side (S/S) data represent the measurements just prior to flow entry into the gap or just after exit from the gap, respectively. Likewise, the "'inner" data represent measurements just inside the tip edges. The "'mean camber" data are located above the blade mean chord line. As the data show, there is little difference in pressures over the forward 30% of the airfoil, but over the remaining portion there is a large pressure drop associated with the pressure side entry into the gap clearance.
Some recovery is observed as the mean camber line is reached, and a bit more as the suction side exit is approached. The final difference in pressure ratios from the pressure side outer to the suction side outer locations is nearly the same as that shown for the near-tip, with gap, airfoil measurements of Figure 3 . The same measurements were made for the blade tip model with perimeter radius edge, leading to very similar results. In this case, a set of holes was placed around the perimeter and offset 5.08 mm to the interior of the sharp tip edge.
Additional pressure holes were located in the interior region to measure the mean camber line pressures. Figure 6 shows the pressure distributions for the sharp-edge tip model for each of three tip gap clearances.
The suction side pressures are for the most part essentially the same lot each clearance. The pressure side data also show no effect of clearance over the forward 40% of the tip. The aft portion of the tip, however, shows an increasing pressure differential between P/S and S/S as the clearance is increased, and this change is primarily due to a large decrease in P/S gap inlet pressure. This decreasing pressure has an associated higher local flow velocity which will be reflected in the tip heat transfer data shown later. Also of note, is the downturn in P/S pressure ratios towards the trailing edge region of the tip. in this region there is less direct P/S to S/S gap leakage as the passage flow streams come to similar velocities. 
Sharp-Edge Tip and Variable Clearance
The bulk of direct tip gap leakage is then in the 40 to 90% axial chord range, though leakage also occurs from forward locations on the pressure side to midchord locations on the suction side. These tip surface pressure distributions were also measured for a radius edge tip having a 2.54 mm radius around the perimeter of the tip. The effect of this tip edge radius is shown in Figure 7 , where the P/S entry pressure loss is clearly more dependent upon the clearance height. A distinction in P/S measurements is seen beginning as far forward as 30% axial chord location.
The smaller clearances of 1.27 and 2.03 mm show higher P/S pressure ratios than their sharp edge counterparts, and each of the three P/S distributions peak at differing 
Radius-Edge Tip and Variable Clearance

HEAT TRANSFER RESULTS
Tip surlace heat transfer coefficient contour plots are shown for both sharp-edge and radius-edge tip models. In the case of the sharpedge tip model, the surface heater and liquid crystal layer extend to very nearly the edge of the blade tip. Data for the far edges of the tip surface should be considered less reliable since there does exist some two-dimensional conduction here, as well as slightly less heat flux uniformity.
In the case of the radius-edge tip model, the surface heater and liquid crystal layer cover less area, being offset to the interior to allow for the edge radius; ie. the heater does not extend into the radius.
Hence, the extent of data is less for the radius tip model. Approximate blade profile overlays are provided in the figures to help in judging these differences. Additionally, regions of very high heat transfer coefficients tend to be more difficult to acquire with a single liquid crystal type, since these regions may require heat fluxes resulting in temperatures thai exceed material capabilities. Such limitation is most notable in the absence of full data in the trailing edge regions of some tests. Figure 8 shows the tip heat transfer coefficient contour map for the sharp-edge tip model with a nominal tip clearance gap of 2.03 mm and an approach freestream turbulence intensity of 5%. The distribution of heat transfer coefficient seen here is typical in overall aspects for every case tested in this study; number labels are provided for the following description. Most apparent in this distribution is the development of a low heat transfer region within the thickest portion of the tip. what one might refer to as the "'sweet spot" (1). This region emanates from the airfoil pressure side location associated with the diffusion zone in Figure 3 , at about 20 to 30%, axial chord location (2). The low heat transfer region extends into the central area of the tip and appears to extend aft and towards the suction side. This sweet spot is the area of lowest convective velocity on the tip as seen in the tip pressures of Figure 6 . At about 30 to 35% axial chord the P/S and S/S tip pressures are nearly equal.
The tip flow forward of this location proceeds across the leading edge region from P/S to S/S essentially at right angles to the tip meanline, producing high heat transfer cuefficients there (3). The tip flow aft of the P/S diffusion location encounters a large entry region pressure loss. clearly seen in Figure 6 , as it enters the P/S of the gap. This entry loss is seen in the bending of the heat transfer coefficient contours near the P/S midchord, creating high local heat transfer gradients (4). The sweet spot contbrms around this heavy entry loss area, channeling flow down the mean camber line to the suction side (5). [t is postulated that there is a separation vortex in this P/S entry region ot" the midchord, with similar roll up and bending toward the airfoil trailing edge as seen in Sjolander and Cao (1995) . The portion of the tip suction side from the leading edge around the sweet spot exhibits increasing heat transfer from the center of the tip outwards with isopleths of the same shape as the suction side profile. The high thermal gradients here are a result of the accelerating leakage flow exiting the tip gap (6). In the trailing edge region of about 50% axial chord and aft, leakage flow proceeds mostly straight across from P/S to S/S, except as modified by the entry region separation. Suction side heat transfer coefficients in the trailing edge are observed to be increasing with regularity as one proceeds aft, with the isopleths (lines of constant heat transfer coefficient) aligned at right angles to the suction side exit (7).
16)_
(s) in Figure 9 . The pattern of heat transfer is seen to be the same as that of Figure 8 . The heat transfer magnitude in the central sweet spot is about 10% greater in this case.
Heat transfer in the leading edge region is altered but little over the Tu=5%: result, however that in the trailing edge region aft of the sweet spot is as much as 20% higher. The increase in approach Tu level is not expected to change the magnitude of tip leakage flow, bul only to adjusl the tip local heat transfer.
[t appears that the increased Tu level has had little effect on tip heat transfer over the forward 50c_ of the tip, but has a not insubstantial effect on the high leakage portion of the blade tip.
NASA/'TM--1999-209152 Figure  10 shows the heat transfer coefficients along a single trajectory starting at about 40% axial chord on the P/S and ending at about 60% axial chord on the
S/S.
This trajectory lollows a line from P/S to S/S within the midchord region which experiences an entry separation followed by reattachment and flow to the exit. Recalling that this is a sharp-edge tip, the result is compared to two cases from the work of Boelter et al.
(1948) as presented in Kays and Crawford (1980) , (1) the case of heat transfer in the entry of a sudden contraction, and (2) the case of heat transfer with tully developed flow prior to a heated section. For the blade tip, the hydraulic diameter is taken to be clearance C.
Using the overall driving pressure lot this trajectory from Figure 3 , the resulting Rec is 38,750. The correlation tot fully developed turbulent channel flow heat transfer, Nu, = 0,023 Re°_ P/4, yields a developed heat transfer coefficient for this location of 1050 W/m2/K. This heat transfer level is within 5% of the measured value on the blade tip where the isopleth begins to level out at a minimum (refer to the H=1000 isopleth in Figure 9 ). The present example of data has insufficient resolution in the entry region to define the heat transfer within ._C < 1, but the data does lie between the cases (1) The second blade tip geometry tested in this study was that with a simple radius tip edge. A constant radius of 2.54 mm was formed around the entire perimeter of the blade tip. The purpose of the radius is to provide some easement to the sharp-edged entry which the P/S leakage flow sees, as well as providing a better representation of expected blade tip features in service. Figure 11 shows the radius edge tip heat transfer coefficient distribution with a clearance gap of 2.03 mm and approach Tu of 5%. Compared to the sharp edge case of Figure 8 . the tip heat transfer is here is about 10% higher in most regions. This increase might be attributed to the reduced resistance to tip leakage caused by the radius edge, thereby allowing more total leakage flow and subsequently higher heat transfer, though the effects of tip pressure distributions as shown in Figure 7 can be somewhat subtle in redistributing leakage flows. Figure 12 shows heat transfer for the same tip with an approach Tu of 9%. Here too, the tip heat transfer has been increased by 10 to 15% over that of the sharp edge shown in Figure 9 . The relation between radius edge tip heat transfer at Tu of 5% and 9% is the same as that previously described for the sharp edge cases, a moderate increase in the sweet spot and a somewhat higher increase in the midchord and aft regions. • Tip entry flow for the sharp edge case exhibits differing character at various positions along the pressure side, with a marked high entry loss region in the midchord-to-aft region. Addition of a small tip edge radius serves to redistribute this entry effect and lead to greater leakage al nominal clearance (as deduced from higher tip heat transfer levels).
• The present tip geometry and flow field demonstrate a characteristic central sweet spot of low heat transfer which extends into the midchord region and toward the suction side. A pressure side entry separation vortex aft of the sweet spot creates a significant enhancement to heat transfer all of the sweet spot. Large heat transfer coefficient gradients are observed at outlying suction side peripheral areas in the forward half of the airfoil tip.
• An increase in the approach freestream turbulence intensity level from 5 to 9% raises the overall tip heat transfer by about 10c_, moreso in the aft portion of the tip (-20%) and less in the forward areas (-0%).
.
The addition of a small edge radius to the tip perimeter causes the tip heat transfer to increase by about 10% in most areas, presumably due to higher allowed tip leakage flow.
• Decreasing the tip clearance C by 38% of the nominal value results in a decrease of some 10% in heat transfer, while an equivalent increase in tip clearance results in a 10% increase in heat transfer.
• Certain regions of the present tip model appear to conform to a simple pressure driven heat transfer behavior similar to that of entry flow into a sudden contraction, but with significant local modifications due to the 3D nature of the flow.
For all of the cases studied here, the blade tip heat transfer coefficient distributions show similar features. The variety of regional effects though points to a very three-dimensional problem even fi_r this stationary case. The data obtained under these simplified conditions is used for comparison to 3D CFD predictions of the flow and heat transfer in the blade tip region, which is the subject of Part 2 of this study
